In heart failure patients with reduced ejection fraction (HFrEF), exercise-induced functional mitral regurgitation (MR) may affect functional capacity and outcome. We sought to study functional and cardiac phenotypes of HFrEF patients according to the MR degree.
Introduction
Heart failure with reduced ejection fraction (HFrEF) is primarily characterized by left ventricle (LV) remodelling and reduced contractile reserve. 1 The interplay of cardiac, pulmonary, and peripheral factors determines the wide spectrum of functional impairment. The progression of symptoms is associated with poor prognosis, reflecting the exhaustion of cardiac and pulmonary reserve. 2 Mitral regurgitation (MR), reported in up to 50% of the HFrEF patients, 3 plays a major pathophysiological role producing a pulsatile volume and pressure overload on the left atrium (LA), with further left ventricular enlargement and loss of contractile reserve. The pulmonary congestion secondary to MR finally leads to limitation in exercise capacity. 4 The prognostic role of rest severe MR in HFrEF has been extensively documented. 4 -6 Similarly, the exercise-induced MR, an early dynamic condition triggered by exercise, carries a substantial risk of death and cardiovascular events. 7, 8 A worsening of MR during exercise has been correlated to reduced functional capacity (lower peak VO 2 ) and impaired ventilatory efficiency (higher VE/VCO 2 slope) in mild symptomatic patients with dilated cardiomyopathy. 4, 9 Moreover, MR worsening has been related to increased systolic pulmonary pressures, 10 supporting the pathophysiological link between pulsatile load and dynamic pulmonary hypertension (PH). We hypothesized that dynamic MR, similarly to rest MR, can be responsible for functional limitation contributing to symptoms in those HFrEF patients free of severe MR at rest evaluation.
Therefore, we aimed at defining the functional and cardiac phenotypes of HFrEF patients according to the extent of MR as follows: rest and exercise non-severe MR (Group A), exercise-induced severe MR (or dynamic MR; Group B), and rest severe MR (Group C).
Methods

Study population
Consecutive patients referred to our centre for functional assessment were considered between September 2012 and September 2014. Inclusion criteria were chronic heart failure with LV dilation (indexed end diastolic volume .80 mL/m 2 ) and reduced EF (≤40%), capability of exercise, and adequate transthoracic acoustic windows. Exclusion criteria consisted of recent myocardial infarction or acute heart failure (,3 months), unstable angina, inducible myocardial ischaemia (or evidence of papillary muscle ischaemia), aortic stenosis (peak velocity .3 m/s), peripheral artery disease, significant anaemia (haemoglobin ,10 g/dL), and respiratory diseases of at least moderate degree. Of 115 eligible patients, we enrolled 102 patients (71% men, mean age 65 + 11 years) who fulfilled inclusion criteria. Of 13 patients not included, 8 presented inadequate acoustic window, while 5 were unable to exercise. All patients were referred for functional evaluation in the context of heart failure programme, presenting different functional status at last cardiologic evaluation (NYHA Class I 23%, II 37%, III 34%, and IV 6%). The aetiology of HF was predominantly post-ischaemic (60%). No patients were on physical training or underwent previous mitral surgery. Two informed consents were signed, one for the execution of the test and the other for research use of data, as approved by our Local Ethical Committee. Habitual therapy was maintained.
Cardiopulmonary exercise test
A symptom-limited cardiopulmonary exercise test (CPET) was performed on tiltable cycle ergometer, simultaneously with exercise echocardiography, for all subjects. Metabolic cart was at the right side of patient, while echocardiography was performed with a left-side approach. Individualized ramp protocols were designed to obtain a standard of exercise, using a ramp steep of maximum 12 W/min to facilitate simultaneous echocardiographic assessment. Ventilatory expired gas analysis was performed using a metabolic cart (Vmax; Sensormedics, Yorba Linda, CA, USA) as previously reported. 11 Exercise oscillatory ventilation (EOV) was defined as previously detailed. 12 VE/VCO2 slope was determined via least squares linear regression (ymxb, where mslope), ventilatory inefficiency was classified as previously reported. 13 Peak VO 2 and peak respiratory exchange ratio (RER) were expressed as the highest 10-s averaged sample obtained during the final 20 s. The heart rate recovery (HRR) at 1 min [difference between peak heart rate (HR) and HR at 1 min after the peak] was registered.
Exercise echocardiography
Echocardiography was performed using a Philips IE33 with a sector array of 1 -5 MHz probe. An extensive echocardiographic evaluation was performed at rest. During exercise, the same projections were registered every 2 min, especially when a RER value of .1 was reached. Loop registration of at least 5 s was used to overcome the expected decrease in acoustic quality caused by hyperventilation. We defined the peak state for echo recording, the period going from the last 30 s of exercise to the first minute of cool-down period. After that, all measurements were considered belonging to the recovery period. All echocardiographic parameters were obtained according to current indications, as previously reported.
11
One cardiologist (F.B.) with extensive experience on cardiovascular echocardiography performed all exercise echocardiography. Stored images were analysed offline in a dedicated DICOM server by the same cardiologist. All measures were averaged at least over 3 beats in case of sinus rhythm and over 5 beats in case of atrial fibrillation.
Echocardiographic MR quantification
MR was visually evaluated using a 4 degrees scale, where 1 corresponds to mild, 2 to mild to moderate, 3 to moderate to severe, and 4 to severe degree. The quantification was performed estimating effective regurgitant orifice (ERO) and regurgitant volume (RV) using proximal iIsovelocity surface area-based method, according to the current guidelines.
14 Vena contracta (VC) was also measured. Evaluation of MR severity during exercise was performed optimizing visualization of regurgitant jet and continuous Doppler signal along several beats to overcome loss of signal due to breathing and thorax movement. An ERO cut-off of ≥20 mm 2 was used to identify significant MR, both at rest and during exercise, according to the current guidelines and prognostic study. 5, 14 We defined severe dynamic MR using the same ERO cut-off of rest MR. Whole population was also analysed according to the presence or not of exercise-induced MR (defined as an increase in ERO of ≥0.13 cm 2 ). 7 MR quantification was feasible in all patients at rest condition. During exercise 7, patients had suboptimal images and were excluded from analysis. All had less than moderate MR based on visual quantification.
Clinical follow-up
Patients were tracked for the occurrence of death and hospitalization for heart failure. Patients evaluated before surgical intervention already planned were excluded from the follow-up.
Statistical methods
Qualitative variables were summarized as percentages and quantitative as mean with standard deviation (+ SD). Distribution was evaluated by the Shapiro-Wilk test. One-way ANOVA and the Kruskal -Wallis test were used to test differences among three groups (with P-value ≤0.05), according to tested distribution. The Mann -Whitney test was used between pair of groups (with P-value ≤0.017). Two-way ANOVA for repeated measures was used to test interaction between groups and rest-stress measures. One-way ANOVA for repeated measures was used to test differences for rest-stress measures. Qualitative variables were investigated using the x 2 test or Fisher's exact test. Survival to the occurrence of death or hospitalization for heart failure was described as incidence of events within groups, testing significance with Fisher's exact test. Correlation between variables was assessed by Pearson's test. All the analyses were carried out using STATA 12 software (Stata Corporation, 2012).
Results
Population Characteristics
Study population was divided according to the MR severity at rest and peak exercise ( Table 1) . Sixty patients had no severe MR at both rest and exercise (Group A), 17 presented severe dynamic MR (Group B), and the remaining 25 patients had rest severe MR (Group C) ( Figure 1 ). Age, sex, and cardiovascular risk factors were similar; ischaemic aetiology was prevalent in all groups. Group C patients had advanced NYHA classes compared with Groups A and B. Diuretics were increasingly used in Groups B and C.
Functional CPET phenotypes
All patients had a metabolic maximal exercise (peak RER .1.1) ( Table 2) . Groups B and C had worse exercise performance, as indicated by lower maximal workload and peak VO 2 . Group A patients exhibited a better peak O 2 pulse as well as DVO 2 /DWR slope. Lower HRR was found in Group C patients compared with others. Ventilatory efficiency was severely impaired (VE/VCO 2 slope . Class III) only in Group C (Figure 1 ), while Groups A and B showed similar slight impairment. EOV prevalence significantly increased according to the functional MR classes.
Group C compared with Groups A and B showed significantly increased rest HR, reduced systolic and diastolic pressures at rest and during exercise.
Echocardiographic phenotypes
MR severity worsened according to pre-defined categories (according to parameters considered) (Tables 3, 4 and 5). ERO and RV showed a very similar ability to stratify the population, according to the severity threshold indicated by the Guidelines.
14 However, RV showed mean values mildly higher compared with ERO. We chose to stratify the population according to the ERO in order to overcome the risk of severity overestimation, in an attempt to preserve the specificity of analysis. Considering the peak-rest delta for both quantitative parameters, ERO and RV, we did not find differences between Groups B and C. The progression of MR severity was reflected by a progression of LA dilation. LV remodelling progressively worsened according to the functional MR degrees in terms of LV diameters, volumes, and mass. The relative wall thickness revealed a similar degree of LV eccentric remodelling in Groups B and C. Ejection fraction was similarly reduced in all groups, while rest and peak wall motion score index was significantly better only in Group A.
All diastolic parameters showed a concordant progression of dysfunction according to functional MR classes.
Rest and peak indexed stroke volume was significantly reduced in Group C, while it was similar in Groups A and B. Peak cardiac output (CO) and cardiac power output (CPO) were significantly reduced according to the worsening of MR.
Right ventricle dimensions were similar among groups. Right ventricle fractional area (FA) and longitudinal systolic function (rest and peak TAPSE as well as rest tricuspid systolic TDI wave) were preserved in Groups A and B, impaired in Group C. Group C had moderate rest PH. Group B showed pathological increase of systolic pulmonary artery pressures (SPAP) over the 60-mmHg cut-off.
The whole population sub-analysis (Table 5 ) confirmed the relationship between impaired functional phenotype and LV remodelling, as well as abnormal pulmonary pressures.
The intra-observer variability was 7 and 5%, respectively, for the main 2D (diameters, volumes, and EF) and Doppler (SPAP, ERO and RVs of MR, stroke volume) rest and exercise echocardiographic measures, based on a sample size of 25 subjects.
Clinical follow-up
Twenty-two patients were censored from the follow-up because they were evaluated just before surgical intervention (coronary bypass with or without MR repair or surgical ventricular restoration), while seven were lost. A total of 4 deaths and 4 hospitalizations for heart failure occurred during a mean follow-up of 12.8 + 6.8 months. Group A registered 1 event, Group B 2 events, and Group C 5 events (Fishers' exact test, P ¼ 0.0049).
Discussion
New major findings of present study are (i) the similar functional limitation (low peak VO 2 and workload) associated with severe dynamic and rest MR, (ii) the advanced LV remodelling (volumes and diastolic dysfunction) and dynamic PH characterizing dynamic MR, and (iii) the right ventricle impairment typical of rest severe MR. Lastly, we stressed the role of dynamic assessment in evaluating chronic heart failure.
Functional phenotypes associated with MR
We stratified our HFrEF population according to MR degrees, considering the presence of severe regurgitation (ERO .20 mm 2 ) as potential mechanism of functional limitation. Maximal work and oxygen consumption were significantly and similarly impaired when rest (Group C) or exercise-induced (Group B) severe MR was detected. Izumo et al. 4 previously reported a similar effect of exercise-induced MR on peak VO 2 , describing also a reduced ventilatory efficiency. On the contrary, we found an impairment of ventilatory efficiency only in patients with rest severe MR, similarly to that previously reported using invasive haemodynamic approach. 15 This finding is also supported by the correlation between VE/VCO 2 slope with rest (r ¼ 0.407, P ¼ 0.002) and peak (r ¼ 0.472, P , 0.001) ERO (Figure 2) , which was stronger compared with that with peak-rest ERO difference (r ¼ 0.252, P ¼ 0.014). The EOV, a prognostic marker of advanced disease, 16, 17 presented a similar prevalence in dynamic and rest severe MR, reflecting the presence of impaired ventilatory control. This finding supports the relationship between retrograde overload generated by MR and regulatory mechanisms of ventilator response. EOV seems to delineate as an early marker of ventilatory inefficiency. The sub-analysis showed similar results, supporting the role played by severe MR (both static and dynamic) in determining functional phenotypes of the HFrEF patients. The mid-term follow-up corroborated the functional stratification given by the combination of CPET with exercise echocardiography, suggesting that dynamic severe MR can be associated with an intermediate outcome.
Cardiac phenotypes associated with MR categories
It is remarkable that Group B similarly to Group C showed a similar degree of diastolic dysfunction, LV enlargement and mass, increased mean LV pressures, and LA enlargement. All these findings delineate the dynamic MR as an intermediate pathophysiological condition, with a certain degree of advanced LV remodelling, where valvular continence is partially maintained at rest but abolished during effort.
The direct consequence of severe MR, whatever fixed or exerciseinduced, is the pulsatile overload on the LA and, therefore, pulmonary capillaries. This is the basic mechanism leading to Group 2 PH. As previously reported, 10, 18 our results confirm the link between increased systolic pulmonary pressures and the severity of MR. The novel finding is the dynamic PH (abnormal SPAP during exercise) typically showed by severe dynamic MR. Group B had normal rest SPAP, but peak SPAP exceeded 60 mmHg, a recognized marker of adverse outcome in several diseases. 19, 20 Interestingly, patients with dynamic PH did not show an increased VE/VCO 2 slope, differently from Group C whose ventilatory efficiency was severely abnormal. Ventilatory impairment seems to require rest PH to be detected, while exercise echocardiography can have a role in early diagnosis of abnormal effort response of pulmonary circulation.
Lapu-Bula et al. 9 previously described the impact of exercise- peak CPO (a marker of cardiovascular performance including systemic pressure adaptation to effort), was progressively impaired along the three groups. The O 2 pulse, a CPET estimation of SV, showed a consensual impairment. Indexed peak SV was severely reduced only in Group C, suggesting that in dynamic MR, compensatory mechanisms to maintain adequate SV are still available.
Effect of advanced MR on right ventriclepulmonary circulation coupling
The natural progression of dilated cardiomyopathy is biventricular involvement with development of PH, frequently associated with massive MR. 10 Group C reflects this evolution, gathering right ventricle enlargement, impairment of longitudinal (TAPSE) and circumferential (FA) systolic function, as well as the absence of contractile reserve. Kusunose et al. 21 recently addressed the prognostic role of reduced right ventricle contractile reserve in asymptomatic severe degenerative MR. Our population is clinically and pathophysiologically different, but our findings share the same direction.
Clinical implications and perspectives
Clinical management of MR in HFrEF patients can be challenging in referring symptoms to valve dysfunction. 22 The present work sheds light on the functional phenotypes of rest and dynamic severe MR. We expanded the evidence about limitation of rest evaluation, demonstrating how dynamic MR can functionally affect as much as rest severe MR and supporting the systematic use of such combined approach. The proposed diagnostic workup should be considered when there is discrepancy between symptoms and rest echocardiography (i.e. MR severity and SPAP) but also to assess response to therapy (for example cardiac resynchronization) or to support early therapy implementation (such as MR correction or ventricular assistance).
Limitations
We divided our population according to the ERO and RV severity cut-offs suggested by the current guidelines and based on prognostic significance. 5, 14 However, we used the same cut-off for rest and exercise MR quantification. Previous literature 7, 8 focused on differences between peak and rest values demonstrating the prognostic role of the net increment of regurgitation. Our approach showed significant differences according to the absolute entity of regurgitation rather than the exercise-induced differences (that were similar in both Groups B and C). The present findings focus on the impact of MR degrees on functional phenotype and on its cardiac determinants. The mid-term follow-up suggests an association between the severity of MR and the outcome consistent with previous work. population, the relative short time period, the low event rate, and the number of censored patients limit the significance of the outcome, which requires an adequately sized, prospective, and longterm study to be confirmed.
Conclusions
In HFrEF patients, severe exercise-induced MR produces a functional limitation with a similar impact to that affecting rest severe MR, characterized by the development of dynamic PH. The absence of severe MR at any load conditions is associated with the best functional status, while rest severe MR reflects the most advanced biventricular remodelling associated with rest PH, the absence of contractile reserve, and the most unfavourable ventilatory profile.
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